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Introduction: The morphology, mineralogy, 
chemical composition and optical properties of lunar 
soils show distinct correlations as a function of grain 
size and origin [1,2,3]. In the <20 µm size fraction, 
there is an increased correlation between lunar surface 
properties observed through remote sensing techniques 
and those attributed to space weathering phenomenae 
[1,2].  Despite the establishment of recognizable trends 
in lunar grains <20  in size [1,2,3], the size fraction < 
10 µm is characterized as a collective population of 
grains without subdivision. This investigation focuses 
specifically on grains in the <1 µm diameter size frac-
tion for both highland and mare derived soils. The 
properties of these materials provide the focus for 
many aspects of lunar research including the nature of 
space weathering on surface properties, electrostatic 
grain transport [4,5] and dusty plasmas [5]. In this 
study, we have used analytical transmission and scan-
ning transmission electron microscopy (S/TEM) to 
characterize the mineralogy type, microstructure and 
major element compositions of grains in this important 
size range in lunar soils.  
Samples and Methods: The lunar soil samples se-
lected for this study were initially dry sieved to obtain 
a <20 µm fraction. Sample 10084 is a representative 
mature mare soil (Is/FeO = 78) [3] and sample  62231 
is a very mature highland soil (Is/FeO = 91) [6]. For 
both soil samples, settling experiments were performed 
in ultraclean vials of ethanol to concentrate grains <1 
µm in size for TEM study. Using Stokes Law approx-
imations, approximately 30 mg of each sample  was 
subjected to two ours of gravity induced settling, after 
which a droplet was withdrawn with a glass pipette and 
placed on a continuous carbon film TEM grid. The 
ethanol suspension was then evaporated over several 
hours. TEM observations confirmed that this method 
produced a high concentration of <1 µm grains that 
were sufficiently thin for quantitative energy disper-
sive x-ray analyses (EDX). Grains below a threshold of 
1.0 µm in diameter were randomly selected and sub-
jected to digital bright-field imaging and EDX analy-
sis. Peak intensities were converted to element concen-
trations using the Cliff-Lorimer method [7]. The 10084 
analyses were obtained using a JEOL 2000FX TEM, 
while the 62231 sample analyses were collected on the 
JEOL 2500 STEM, both instruments are equipped with 
Noran thin-window EDX detectors. 
Chemical Composition and Type of Sub-
Micrometer Grains: A total of 400 grains were ana-
lyzed: 200 for each of the 10084 and 62231 samples. 
Grains were individually imaged and chemically ana-
lyzed. Both samples’ overall modal composition is 
compared to data for larger size fractions (Figure 1). 
 
Figure 1: Modal composition of <1 µm grains in lunar soil samples 
10084 and 62231 as compared to larger size fractions. 
 
Soil 10084: A total of 80% of analyzed grains are 
classified as glass which constitutes a significant in-
crease in this grain type from 65% in the <10 µm size 
fraction [3]. The remaining grains are mineral frag-
ments, predominantly plagioclase, with lesser amounts 
of ilmenite, pyroxene and olivine. The large proportion 
of glass grains in this size fraction lead our team to 
focus our investigation on the chemical and morpho-
logical properties of this material. On a morphological 
basis, 45% of these glass grains (36% of total popula-
tion) belong to a subpopulation of spherules that exhi-
bit limited evidence of nanophase Fe metal (Fe0) (Fig-
ure 2). The majority of remaining material is irregular-
ly shaped grains that contain varying amounts of nano-
phase Fe0 (Figure 3). A small component of the glass 
population (<10%) are hybrid types (i.e spherules with 
nanophase Fe0).   
 
 
Figure 2: Bright field TEM 
images of <1 um glass sphe-
rules in lunar soil 10084. 
Figure 3: Bright-field TEM im-
ages of glass grain containing 
nanophase Fe0. 
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Soil 62231: A total of 85% of analyzed grains are 
classified as types of glass, constituting an increase in 
this material from the 70% in the <10 µm size fraction 
(Figure 1) [6]. The remaining material is composed of 
mineral fragments. Morphologically, ~20% of glass 
grains (17% of total) are spherical in shape and exhibit 
very little nanophase Fe0. The majority of remaining 
glass is irregularly shaped and contains prominent na-
nophase Fe0. A small component of the glass popula-
tion(<15%) represents hybrid types (Figure 4). In addi-
tion, a small proportion of glass grains (<3%) exhibited 
vesiculated morphologies (Figure 5).  
  
 
 
Composition and Chemical Variation Trends of 
Glass Grains: The predominance of homogeneous 
glass grains allowed us to use EDX analyses to compo-
sitionally characterize the particles based on previous 
studies of sub-µm lunar glass grains [8,9]. Previous 
work has identified two major compositional classes of 
lunar glass grains. One group is associated with impact 
melting, generating a glass grain that primarily retains 
the elemental composition of the parent material in the 
new grain. Material in the second group is considered 
to form from volatilization and vapor condensation 
processes which generate a significant and predictable 
chemical evolution with respect to volatile content. A 
higher Al2O3 and CaO content is indicative of volatile 
loss seen in the HASP glasses (High Aluminum Silica 
Poor). In contrast to HASP, high FeO and SiO2 content 
is considered to indicate VRAP (Volatile-Rich-Al-
Poor) and Pseudo-VRAP grains [8,9]. Plotting compo-
sitions based on these chemical parameters allows us 
to identify glasses with HASP and VRAP affinities at 
the upper and lower ends of the data trend respectively 
(Sample 10084 - Figure 6, Sample 62231- Figure 7). 
The data collected identifies approximately 28% 
HASP grains and 12% VRAP grains in the total glass 
grain population of sample 10084. The significant pro-
portion of these volatile-affected grains supports the 
idea that high surface area-to-volume ratio is necessary 
to promote these vapor-mediated chemical changes. 
Despite a similar maturity level, sample 62231 exhibits 
a significantly smaller proportion of material affected 
by volatilization mechanisms, with 9% HASP grains 
and 10% VRAP grains. This suggests volatilization 
may be dependant on initial rock composition and/or 
may not be uniform across the lunar surface. The 
HASP grains can be further subdivided into highland 
or mare affinity based on total FeO+MgO+TiO2 con-
tent and CaO/Al2O3 ratio. A significant proportion 
(20%) of the HASP glasses in 10084 mare sample dis-
play a highland-affinity, indicating significant mixing 
at this small size fraction [2]. In support of this, a high 
proportion (26%) of the HASP glasses in the 62231 
highland sample display a mare-affinity. The remain-
ing glassy material is of compositional type in the 
middle of the trend, and is unaffected by volatilization. 
A sub-population in this group falls off the trend line 
and may be “monomineralic” melts from single miner-
al grains. 
 
Figure 6: Plot of measured CaO+Al2O3 compositions versus SiO2 + 
FeO  for all sub-micron 10084 soil glass grains. 
 
Figure 7: Plot of measured CaO+Al2O3 compositions versus SiO2 + 
FeO  for all sub-micron 62231 soil glass grains. 
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Figure 4: Bright  field TEM 
image of a hybrid type grain  
in lunar sample 62231. 
Figure 5: Bright field TEM image of 
a vesiculated glass grain in lunar 
sample 62231. 
